The purpose of this study was to investigate the involvement of growth hormone in the diurnal variation of insulin sensitivity in healthy adults. Afternoon (16:00 hr) or night (23:00 hr) pretreatment with a subcutaneous injection of normal saline, human growth hormone to mimic the normal nocturnal rise in growth hormone, or octreotide to inhibit endogenous growth hormone secretion to create a state of relative nocturnal growth hormone deficiency, was given 16 hours before undergoing the modified insulin suppression test in healthy subjects. The morning and evening experiments were separated by an interval of at least 3 days. Thus, each subject was tested on six separate occasions arranged in a random order. A higher value of the steady-state plasma glucose (SSPG) is indicative of lower insulin sensitivity. Plasma glucose, serum insulin, insulin-like growth factor-1, nonesterified fatty acids (NEFA), and metabolic clearance rate of insulin (MCRI) were measured. In the normal saline and human growth hormone groups, SSPG levels were lower in the morning than in the evening. Evening SSPG levels, MCRI, and NEFA concentrations were higher in the participants treated with normal saline and growth hormone than in the octreotide group. Differences in SSPG levels between the morning and evening values were higher in the participants pretreated with normal saline and growth hormone than in those treated with octreotide. A diurnal variation in insulin sensitivity existed in healthy subjects. These results pro-* Corresponding authors.
Introduction
A diurnal variation in glucose tolerance and insulin sensitivity to a glucose load has been reported in human subjects [1] . In addition, glucose tolerance has been reported to be lower and insulin response slower when glucose is given orally either in the afternoon or evening than when it is given in the morning [1] . A similar diurnal variation has been reported in response to an intravenous glucose load [2] . The relatively impaired glucose tolerance observed in the afternoon or the evening is associated with a delayed insulin response to the glucose load, which is probably due to a decreased sensitivity of pancreatic β cells to glucose [3] .
This "dawn phenomenon" was first described in the 1980s as abrupt increases in fasting levels of plasma glucose, insulin requirement, or both in the early morning between 05:00 and 09:00 hr without antecedent to hypoglycemia. One possible factor affecting this diurnal variation in glucose tolerance is the nocturnal surge in growth hormone [4] , even though that surge does not appear to be an important regulator of carbohydrate tolerance in the following morning [5] . Growth hormone reportedly induces insulin resistance in healthy subjects [6] . The serum level of growth hormone shows a nocturnal surge during slow-wave sleep during the night [7] . One study shows that a nocturnal surge in growth hormone secretion was primarily responsible for the diurnal variation in glucose tolerance along with other counter-regulatory hormones such as cortisol, glucagon, and epinephrine [8] . The exact cause of this diurnal variation in plasma glucose levels in healthy subjects has not been established, and nocturnal surges in growth hormone secretion remain a possible explanation. A previous study shows that human growth hormone replacements have beneficial effects on insulin sensitivity in human growth hormone-deficient adults [9] . In another study, time of day was found to influence glucose regulation in healthy subjects [10] . Together, these findings suggest that the diurnal variation in insulin sensitivity may be related to a growth hormone-induced increase in insulin secretion in the early morning for the maintenance of normoglycemia [6] [8] [9] . In contrast to the well-established effects of an excess of growth hormone, little is known about the impact (if any) of physiological changes in plasma growth hormone concentration throughout the day. Growth hormone concentrations are known to vary considerably throughout the day in healthy subjects [4] [11]- [13] ; however, the physiological role of growth hormone-induced diurnal variation in glucose tolerance and insulin sensitivity remains unclear.
The purpose of this study was to investigate the role of growth hormone in the dawn phenomenon in healthy subjects that had not previously received other human growth hormone or insulin treatments. The hypothesis was that if growth hormone contributed to dawn phenomenon then the administration of octreotide, a growth hormone secretion inhibitor, would disturb the diurnal variation if it were injected at 23:00 hr. On the other hand, if growth hormone were administered at 16:00 hr, the diurnal variation would be moved forward.
Subjects and Methods

Subjects
Ten healthy volunteers from the outpatient department of Taipei Veterans General Hospital were enrolled in this prospective experimental study. Subjects were included if they were between 20 and 40 years old of age. Exclusion criteria were: known lactose intolerance, concomitant glucocorticoid therapy, other medications affecting glucose homeostasis, treatment with investigational drugs, the presence of significant diseases or conditions (including emotional disorders or substance abuse) that would likely alter the subject's ability to complete the study, documented gastrointestinal diseases associated with marked digestion or absorption disorders, a condition that may worsen as a result of increased gas formation in the intestine, pregnant/lactating women or women of childbearing age without a medically approved method of contraception, and subjects participating in another clinical trial within 90 days of screening. The study protocol was reviewed and approved by the Institutional Review Board of Taipei Veterans General Hospital, Taipei, Taiwan. After explaining the study procedures and protocol to the volunteers prior to physical examination and initiation of the study, written informed consent was obtained from each participant. All included subjects were asked to maintain their eating habits and to record a baseline diet log prior to initiation of the study. Each subject was on a weight maintenance diet of 300 g carbohydrates daily for more than 3 days prior to enrolment in the study. Two subjects did not complete the study due to nausea, vomiting, and/or diarrhea after treatment with subcutaneous injections of octreotide. Therefore, a total of 8 healthy volunteers completed the study.
Protocol Design
Three timelines show the injection time, fasting duration, and starting time for modified insulin suppression test. The first and second timelines are the studies of morning and evening. English alphabet A (16:00 in Day 1) and C (23:00 in Day 1) indicate the injection time; alphabet B (8:00 in Day 2) and D (15:00 in Day 2) are the starting time for modified insulin suppression test (Figure 1) . Three different treatments were administered: 1) a subcutaneous injection of 2 mL of normal saline; 2) a subcutaneous injection of 8 IU of human growth hormone (Saizen, Serono, Switzerland); and 3) a subcutaneous injection of 300 mg of octreotide (somatostatin analogue SMS 201-995, Sandoz, Japan). With half-life of human growth hormone and octreotide, the supraphysical serum concentration level in the modified insulin suppression test is determined. The vehicle is normal saline. The treatments at 16:00 and 23:00 hr were separated by an interval of at least 3 days for each patient. Therefore, each subject received all three treatments at two different times (at both 16:00 and 23:00 hr) arranged in random order, and the tests were conducted 16 hr later on six separate occasions. Fasting plasma glucose (FPG), fasting serum insulin (FSI), insulin-like growth factor-1 (IGF-1), and nonesterified fatty acids (NEFA) concentrations were determined 16 hr after the treatments and prior to performing the modified insulin suppression test.
Modified Insulin Suppression Test
The modified insulin suppression test was conducted by simultaneous infusion of 30 mU/min/m 2 regular insulin, 500 mg/hr somatostatin, and 6 mg/kg/min glucose with three separate infusion pumps for 120 min. Retrograde insertion of the sampling cannula was carried out in a contralateral hand vein. The subject's forearm was placed in a Plexiglas box and heated to 55˚C to permit sampling of arterialized venous blood as previously described [3] . Blood specimens were collected for measurement of plasma glucose and serum insulin 10 min prior to the start of each infusion and again 0 min before then 30, 60, 90, 100, 110 and 120 min after the start of each infusion. The mean values of plasma glucose at 90, 100, 110 and 120 min were defined as steady-state plasma glucose (SSPG), and serum insulin was defined as steady-state serum insulin (SSSI) [14] . A higher value of SSPG was indicative of lower insulin sensitivity, and a lower value of SSPG was indicative of higher insulin sensitivity.
Biochemical Measurements
Plasma was separated by centrifugation (3000 rpm for 15 minutes) and stored at −80˚C until being assayed for FPG, FSI, IGF-1, and NEFA. The FPG level was measured by a glucose analyzer (Model 23A, Yellow Springs Figure 1 . Experimental timeline of the various treatments and modified insulin suppression test. Normal saline, growth hormone, or octreotide were administered subcutaneously at either 16:00 hr (Point A) or 23:00 hr (Point C) on the first day. Sixteen hours later, the effects of those treatments were measured using the modified insulin suppression test at either 08:00 hr (Point B) or 15:00 hr (Point D). On six occasions, separated by an interval of at least 3 days, each subject was treated at 16:00 or 23:00 hr with normal saline, human growth hormone, or octreotide.
Instrument, OH, USA). FSI was determined by a microparticle enzyme immunoassay using an AxSYM system from Abbott Diagnostics (Abbott Laboratories, Dainabot, Tokyo, Japan). A commercially available immunoenzymetric assay was used to determine IGF-1 levels (Immuno Diagnostic Systems, Boldon, UK). The plasma NEFA levels were determined by fluorometry as described by Noma et al. [15] . The metabolic clearance rate of insulin (MCRI) was calculated as the insulin infusion rate divided by the SSSI level of the modified insulin suppression test, as previously described [10] .
Statistical Analysis
Subject age and body mass index (BMI) were expressed as mean ± standard deviation (SD), and gender was presented as numbers (n). The difference between the morning and evening values was assessed using the paired Student's t-test. A P value < 0.05 was considered statistically significant. Differences between the morning and evening values (evening-morning) were assessed using a one-way analysis of variance (ANOVA) followed by the Bonferroni post hoc procedure. The power calculation for the sample size was supported by Statistics. A P value < 0.017 was considered statistically significant. Data were expressed as mean ± SD. All statistical analyses were performed using SPSS version 15.0 statistical software (Chicago, IL).
Results
Anthropometric data and baseline clinical characteristics have been summarized in Table 1 for all included subjects. Mean BMI was 22.7 ± 3.5 kg/m 2 , and results of the modified insulin suppression test and pharmacokinetic studies in healthy subjects were shown in Table 2 . There were no significant differences between the morning Those results were associated with a reduction in SSPG, MCRI and NEFA values in the subjects pretreated with octreotide compared to those receiving normal saline ( b P < 0.05) and growth hormone ( c P < 0.05). The differences in SSPG between the morning and evening values (evening-morning) were higher in subjects treated with normal saline ( b † P < 0.017) and human growth hormone ( c † P < 0.017) than octreotide. a P < 0.05 (08:00 hr versus 15:00 hr), b P < 0.05 (normal saline versus octreotide), and c P < 0.05 (human growth hormone versus octreotide) with the paired t-test. b † P < 0.017 (normal saline versus octreotide), and c † P < 0.017 (human growth hormone versus octreotide) with the ANOVA followed and Bonferroni post hoc procedure.
(8:00 hr) and evening (15:00 hr) SSSI levels following any treatment (Figure 2, upper panel) . After administration with either normal saline or human growth hormone, the SSPG levels were lower in the morning than in the evening (Figure 2, lower panel) . The evening SSPG levels were higher in the participants treated with normal saline and growth hormone than in those treated with octreotide (Figure 2, lower panel) . The differences in SSPG between the morning and evening values (evening-morning) were higher in subjects treated with normal saline and human growth hormone than octreotide ( Table 2 ). There were no significant differences in FPG, FSI, or basal free insulin between subjects treated in the morning and those treated in the evening in any of the three groups ( Table 2) .
To verify the efficacy of the various treatments, secretion of IGF-1, a downstream effecter of growth hormone was analyzed. Administration of growth hormone at either 16:00 or 23:00 hr resulted in an increase in IGF-1 secretion, suggesting a response to the exogenous growth hormone injection. The injection of octreotide at either 16:00 or 23:00 hr induced a significant reduction in IGF-1 secretion, as shown in Table 2 . SSSI was achieved in each treatment (Figure 2, upper panel) . Serum IGF-1 levels in the morning and evening were highest in subjects administered human growth hormone, intermediate in those treated with normal saline, and lowest in subjects treated with octreotide ( Table 2) . Those results suggested a proper execution of the experiments.
To determine insulin sensitivity in the healthy subjects after each treatment, MCRI values were measured by dividing the insulin infusion rate by SSSI concentration. Insulin resistance was determined via SSPI and SSPG. As shown in Figure 2 (lower panel), evening SSPG levels of subjects treated with octreotide were significantly decreased compared to subjects receiving normal saline and growth hormone, suggesting a reduction in insulin resistance. Those results were associated with a reduction in MCRI and NEFA values in the subjects pretreated with octreotide compared to those receiving normal saline and growth hormone. Administration of octreotide at 16:00 hr did not induce a significant decrease in MCRI and NEFA, although there was an increasing trend. Those results suggest that administration of growth hormone caused a reduction in insulin sensitivity ( Table 2 ). Diurnal changes in steady-state serum insulin (upper panel) and steady-state plasma glucose levels (lower panel) in the eight healthy subjects administered normal saline, human growth hormone, and octreotide. The steady-state serum insulin and plasma glucose levels were obtained at either 08:00 hr (□) or 15:00 hr (■). After administration with either normal saline or human growth hormone, the SSPG levels were lower in the morning than in the evening ( * P < 0.05). The evening SSPG levels were higher in the participants treated with normal saline ( ☆ P < 0.05) and growth hormone ( ★ P < 0.05) than in those treated with octreotide. Data were expressed as mean ± SD. *P < 0.05 (morning versus evening), ☆ P < 0.05 (normal saline versus octreotide), and ★ P < 0.05 (growth hormone versus octreotide).
Discussion
In this study, subjects were administered exogenous growth hormone to mimic the natural nocturnal surge of growth hormone and the growth hormone secretion blocker, octreotide, to mimic the effect of a loss of function of growth hormone on insulin sensitivity. The effectiveness of those treatments was supported by an increase in IGF-1 secretion when exogenous growth hormone was injected and by the reduction in IGF-1 secretion after administering octreotide. The results showed that a surge of growth hormone induced a reduction in insulin sensitivity in the healthy subjects. Administration of normal saline resulted in a higher SSPG level in the evening (15:00 hr) than in the morning (08:00 hr). Those results provided evidence of a diurnal variation in insulin sensitivity in the healthy subjects (i.e., that they were more insulin sensitive in the morning). Administration of human growth hormone revealed that the SSPG levels were lower in the morning than in the evening, providing evidence of the diurnal variation in insulin sensitivity (i.e., that they were less insulin sensitive in the evening). That said evening SSPG levels were higher in the participants treated with normal saline and growth hormone than in those treated with octreotide. Differences in SSPG between the morning and evening values (evening-morning) were higher in the healthy subjects treated with normal saline and human growth hormone than in those treated with octreotide, which suggested that octreotide perturbed the biorhythm in the healthy subjects. In addition, the evening MCRI and NEFA levels in the healthy subjects treated with octreotide were significantly lower than in those treated with normal saline and human growth hormone. The effects of growth hormone may therefore be related to changes in MCRI and the metabolism of NEFA in healthy subjects.
A diurnal variation in insulin sensitivity was observed following administration of exogenous normal saline and human growth hormone, which was reversed by injections of exogenous octreotide. In subjects treated with human growth hormone, NEFA concentrations were lower in the morning than the evening and morning NEFA concentrations were higher in those treated with human growth hormone than octreotide. Those results demonstrated that growth hormone perturbed the insulin sensitivity biorhythm and that human growth hormone was associated with increased NEFA levels in healthy subjects. The results of this study suggested that insulin sensitivity was decreased in the morning in healthy subjects compared to the evening, which was likely due to the nocturnal surge of growth hormone in the early morning. This again suggested that the effects of growth hormone might be related to changes in MCRI and the metabolism of NEFA in healthy subjects.
There is a substantial body of evidence linking increases in serum growth hormone concentrations with decreased glucose utilization, indicating that growth hormone may play an important role in the regulation of hepatic glucose production [16] . A sustained increase in serum growth hormone has been shown to cause insulin resistance in healthy subjects [16] , subjects with type 2 diabetes mellitus [17] , and in rats [18] . A study using radioactive isotopes and insulin clamp techniques demonstrated that improved glucose tolerance after acromegaly treatment could specifically be due to a decrease in peripheral insulin resistance [19] . In another study, it was found that the dawn phenomenon was effectively prevented by applying a bedtime intranasal long-acting somatostatin analog [20] .
Adult patients with growth hormone deficiency are insulin resistant, which is probably related to increased adiposity, reduced lean body mass, and impaired physical performance that temporarily worsens when growth hormone treatment is initiated. Conversely, despite an increased lean body mass and decreased fat mass, patients with acromegaly are consistently insulin resistant and become more sensitive after appropriate treatment [21] . It was recently reported that low-dose growth hormone exposure evoked an acute insulin resistance that subsided after 5 hr, suggesting that such time-dependent reversibility should be considered when assessing the influence of growth hormone on glucose homeostasis [22] . Nonetheless, although the dawn phenomenon has been attributed to a decrease in insulin sensitivity induced by a nocturnal spike in growth hormone secretion [23] , some investigators suggest that an early morning increase in MCRI, rather than a decrease in insulin sensitivity, is the primary cause of the dawn phenomenon [24] . There is also some debate about whether overnight changes in MCRI play a role in the pathogenesis of the dawn phenomenon. Growth hormone is secreted in a pulsatile, episodic manner that is influenced by age, gender, food intake, nutritional status, and physical activity [25] . It has also been suggested that the metabolic effects and MCRI of exogenous growth hormone depend on the time of day of administration [25] . In this study, the influence of these factors on serum triglyceride levels and NEFA concentration were considered, resulting in the decision to measure FPG, FSI, IGF-1, and NEFA concentrations 16 hr after the treatments, prior to performing the modified insulin suppression test. In subjects treated with hu-man growth hormone, NEFA concentrations were lower in the morning than in the evening and morning NEFA concentrations were higher in subjects treated with human growth hormone than octreotide. Those findings indicating that human growth hormone was involved in mediation of NEFA levels.
The diurnal variation in insulin sensitivity did not change in the healthy subjects following administration of exogenous human growth hormone. A possible explanation for that finding was that plasma NEFA increased with reduced insulin sensitivity, and that insulin secretion increased with normalized β-cell function. The results further suggested that fasting hyperglycemia did not occur in the healthy subjects, suggesting that NEFA played a role in determining the degree of insulin sensitivity in healthy subjects. In addition, the results showed that early evening administration of octreotide decreased the MCRI 16 hr later, suggesting a reduction in insulin resistance.
The mechanism (s) behind growth hormone regulation of insulin sensitivity in healthy subjects remains unclear. As with growth hormone, several hormones that play important roles in the regulation of carbohydrate metabolism including catecholamine, glucagon, and cortisol have diurnal rhythms. Theoretically, those diurnal rhythms can result in either an increase in glucose production or a decrease in glucose utilization. Although it has been proposed that an early morning rise in cortisol constitutes a mechanism for increased glucose production, neither metyrapone blockade [26] nor dexamethasone suppression [27] has been shown to abolish the need for an increase in insulin delivery during the dawn period. Thus, glucagon and catecholamines are probably not involved in the pathogenesis of the dawn phenomenon [27] .
Biochemically, the effects of growth hormone are complex and much research has focused on the mechanism behind its influence on insulin resistance. A recent study points out that both growth hormone and insulin are key hormones regulating metabolism and growth, each activating different signaling pathways [28] . As such, growth hormone and insulin can interact with each other to regulate cellular metabolism. In turn, it is possible to postulate that growth hormone and insulin can interact directly by signaling "crosstalk" and that insulin regulation of growth hormone signaling is associated with the duration of exposure to insulin. Although evidence suggests that chronic administration of excessive growth hormone can interfere with the activation of specific pathways by insulin [28] [29] , several other proteins have also been shown to be involved in the mechanisms underlying growth hormone-induced insulin resistance. For example, Xu and Messina [28] and Domenici et al. [29] show that IGF-1 participates in the control of insulin sensitivity and plays an important role in the hormone balance between growth hormone and insulin.
There are several limitations to this study worthy of mention. First, small sample size in the study is a potential limitation. Second, the study results do not demonstrate any effect of growth hormone on overnight hepatic glucose production, gluconeogenesis, or insulin secretion. In addition, as mentioned above, serum levels of growth hormone are not measured. Growth hormone secretion is pulsatile and growth hormone has a short halflife, yet excess growth hormone is not analyzed. That may in fact be the focus of the impact of physiological changes in growth hormone levels in healthy subjects. Finally, nocturnal lipolysis is not measured in vivo, it only represents an approximation of NEFA. Further studies are needed to confirm the findings of this study.
In summary, the results of this study suggest that insulin sensitivity in healthy subject is decreased in the evening compared with the morning. That reduction in insulin sensitivity may be due to the nocturnal surge of growth hormone in the early morning hours. The effects of growth hormone may be related to changes in MCRI and the metabolism of NEFA in healthy subjects.
